We have obtained milliarcsecond-scale spectral index distributions for a sample of 190 extragalactic radio jets through the Monitoring of Jets in Active Galactic Nuclei with the VLBA Experiments (MOJAVE) project. The sources were observed in 2006 at 8.1, 8.4, 12.1, and 15.4 GHz, and we have determined spectral index maps between 8.1 and 15.4 GHz to study the four-frequency spectrum in individual jet features. We have performed detailed simulations to study the effects of image alignment and (u,v)-plane coverage on the spectral index maps to verify our results. We use the spectral index maps to study the spectral index evolution along the jet and determine the spectral distributions in different locations of the jets. The core spectral indices are on average flat with mean value +0.22 ± 0.03 for the sample, while the jet spectrum is in general steep with a mean index of −1.04 ± 0.03. A simple power-law fit is often inadequate for the core regions, as expected if the cores are partially self-absorbed. The overall jet spectrum steepens at a rate of about −0.001 to −0.004 per deprojected parsec when moving further out from the core with flat spectrum radio quasars having significantly steeper spectra (mean −1.09 ± 0.04) than the BL Lac objects (mean −0.80 ± 0.05). However, the spectrum in both types of objects flattens on average by ∼ 0.2 at the locations of the jet components indicating particle acceleration or density enhancements along the jet. The mean spectral index at the component locations of −0.81 ± 0.02 corresponds to a power-law index of ∼ 2.6 for the electron energy distribution. We find a significant trend that jet components with linear polarization parallel to the jet (magnetic field perpendicular to the jet) have flatter spectra, as expected for transverse shocks. Compared to quasars, BL Lacs have more jet components with perpendicular magnetic field alignment, which may explain their generally flatter spectra. The overall steepening of the spectra with distance can be explained with radiative losses if the jets are collimating or with the evolution of the high-energy cutoff in the electron spectrum if the jets are conical. This interpretation is supported by a significant correlation with the age of the component and the spectral index, with older components having steeper spectra.
galaxies 1. INTRODUCTION Relativistic jets of Active Galactic Nuclei (AGN) are thought to be formed via outflows generated when matter accretes around a supermassive black hole and gets expelled due to magnetic forces (see Meier et al. 2001 , for a review). Due to Doppler beaming the appearance of these sources in Very Long Baseline Interferometry (VLBI) observations is typically a one-sided jet (e.g., Kellermann et al. 2004; ). Single-dish radio observations of these compact extragalactic objects often show remarkably flat continuum spectra dubbed as the "cosmic conspiracy" by Cotton et al. (1980) . Based on measurements over a wide range of frequencies, Kellermann & Pauliny-Toth (1969) suggested this to be due to multiple homogeneous self-absorbed synchrotron components with a range of turnover frequencies, forming a flat overall spectrum. This hypothesis was confirmed by detailed VLBI observations of the compact flat-spectrum source 0735+178 (Marscher 1977; Cotton et al. 1980) . Further interferometric observations showed that AGN viewed at small angles to the line of sight, generally called blazars, consist of a "core" with a flat or inverted spectrum and a jet with steep spectrum α ∼ −0.7 (e.g., Readhead et al. 1979; Marscher 1988; . Throughout the paper we define the sign of the spectral index as S ∝ ν +α . Since the commissioning of the Very Long Baseline Array (VLBA) in 1993 it has become easier to conduct simultaneous multifrequency observations of the parsec-scale jets in AGN. O'Sullivan & Gabuzda (2009) studied the spectral distributions and magnetic fields in six blazars using VLBA observations at eight frequencies between 4.6 and 43 GHz. They found the sources to be consistent with a Blandford -Königl type conical jet (Blandford & Konigl 1979 ) with an optically thick or self-absorbed core and an optically thin jet. Individual sources have been studied for their spectral distributions in great detail (e.g., Savolainen et al. 2008; Homan et al. 2009; Fromm et al. 2013) .
Much work has also been done on the emission of radio galaxies (e.g., Walker et al. 2000; Vermeulen et al. 2003; Kadler et al. 2004 ) and GPS (Gigahertz Peaked Spectrum) sources (e.g., Kameno et al. 2000; Marr et al. 2001; Tingay & de Kool 2003; Orienti & Dallacasa 2008 . In these studies the spectra of the sources at various locations are extracted, and detailed modeling is done to investigate its nature. Assuming a power-law distribution of electrons N(E) = N 0 E −p , where E is energy, the spectrum at high frequencies where the source is optically thin can be described with a power-law I ν ∝ ν α , where α = (1 − p)/2. At low frequencies below the turnover, the spectrum does not depend on p. The turnover can be either due to self-absorption of the synchrotron emitting electrons, in which case the lowfrequency spectrum of a homogeneous optically thick source follows I ν ∝ ν 5/2 , or due to free-free absorption in ionized gas surrounding the source, in which case the spectrum depends on the kinetic temperature and electron density of the ionized gas (Kellermann 1966) . Walker et al. (2000) used VLBA data at frequencies between 2.3 and 43 GHz to study the inner regions of the radio galaxy 3C 84. They found a very steep spectral index of +4 below the spectral turnover in the northern counter-jet component and concluded that it must be due thovatta@caltech.edu to free-free absorption by ionized gas associated with accretion disk. A similar conclusion had been drawn earlier by Vermeulen et al. (1994) based on non-simultaneous data at 8 and 22 GHz. They argued that the surface brightness of the northern component was too low for the inverted spectrum to be due to synchrotron self-absorption. Another radio galaxy in which multifrequency VLBA observations have revealed free-free absorbed emission is NGC 1052 (Vermeulen et al. 2003; Kadler et al. 2004) . It seems that free-free absorption due to ionized gas in the inner regions of AGN is fairly common and is best detected in nearby radio galaxies, where the angular resolution of the VLBA allows the study of the innermost regions of the sources which can be obscured by the molecular torus, a source of ionized gas. Radio galaxies are also seen at a larger viewing angle, which allows the detection of the counter-jet and a better view to the nucleus than in blazars where the jet emission dominates.
Another interesting feature possibly observable in the spectra of synchrotron sources is the steepening of the spectrum due to synchrotron losses (Kardashev 1962) . This is called spectral aging and is typically expected at near-IR to optical wavelengths in newly emerged synchrotron components (e.g., Marscher & Gear 1985) but may be observable further down in the parsec-scale jets at radio frequencies. Most of the studies on spectral aging have been done in the kiloparsec scale lobes of radio galaxies where spectral steepening is typically observed. This is often interpreted to be due to synchrotron losses and spectral ages of the lobes can be calculated (e.g., Alexander 1987; Carilli et al. 1991; Mack et al. 1998; Machalski et al. 2009 ). The ages derived this way are typically shorter than the age it has taken for the lobes to form and therefore re-acceleration is invoked (however, see a discussion on the caveats of the method in Blundell & Rawlings 2001; Rudnick 2002) . This is also a commonly used method to study the age of compact AGN such as GPS objects (e.g., Murgia 2003; Nagai et al. 2006) which support the interpretation that these sources are young objects (see O'Dea 1998, for a review).
Recently studied the spectra of parsec-scale jets in 319 compact AGN between 2 and 8 GHz and found the mean spectral index in the jet to be −0.68. They also found that the spectral index steepens along the jet on average by −0.06 +0.07 −0.08 mas −1 . In this paper we will study the spectral evolution in the parsec-scale jets by examining the spectral index along the jet ridge lines and comparing the spectra of individual features to the time of the ejection of the component.
We present the spectral index maps of 190 sources studied also in Hovatta et al. (2012) and . Details of our observations and methods used to derive the maps are given in Sect. 2. We study the spectral distributions in the parsec-scale core and jet components in Sect. 3. Evolution of the spectrum as a function of distance and age is examined in Sect. 4. We summarize with conclusions in Sect. 5. Throughout the paper we use a cosmology where H 0 = 71 kms −1 Mpc −1 , Ω M = 0.3, and Ω Λ = 0.7 (e.g., Komatsu et al. 2009 ).
OBSERVATIONS AND METHODS
MOJAVE (Monitoring of Jets in Active galactic nuclei with VLBA Experiments) is an observing program to monitor the changes in a large sample of parsec-scale AGN jets in to-tal intensity and polarization at 15.4 GHz with the VLBA ). In 2006 the monitoring was expanded to include multifrequency observations at 8. 1, 8.4, 12.1, and 15.4 GHz. Altogether 191 sources were observed (twenty of them twice) in batches distributed over 12 epochs. Our sample includes 133 flat-spectrum radio quasars (hereafter quasars), 33 BL Lac objects, 21 radio galaxies, and 4 optically unidentified objects. In addition to studying the spectral index distribution, these data were used to study Faraday rotation in these sources ) and the frequencydependent shift of the optically thick base of the jet, the "coreshift" effect .
The observations were made in dual polarization mode using frequencies centered at 8. 104, 8.424, 12.119, and 15.369 GHz. The bandwidths were 16 and 32 MHz for the X and U-bands, respectively. The observations were recorded with a bit rate of 128 Mbits s −1 . In the 8 GHz bands the observations consist of 2 sub-bands in both frequencies and 4 sub-bands in the 12 and 15 GHz bands. All ten VLBA antennas were observing except at epoch 2006-Aug-09 when Pie Town was not included. The sources and their observing epochs are listed in Table 1 where column (1) gives the B-1950 name of the source, column (2) the alternative name, column (3) the redshift of the object, column (4) the optical classification, column (5) the maximum apparent speed for the source, column (6) the date of our observation, column (7) the spectral index in the core component, column (8) the spectral index in the jet, and column (9) the alignment flag described in Sect. 2.2.
Data reduction
The initial data reduction and calibration were performed following the standard procedures described in the AIPS cookbook 1 . All the frequency bands were treated separately throughout the data reduction process. The imaging and selfcalibration were done in a largely automated way using the Difmap package (Shepherd 1997) . One source, 0108+388, had no single bright component to be used in self-calibration and was dropped from the analysis. For more details see for the MOJAVE data reduction and imaging process.
The absolute flux density calibration accuracy was checked against the single-dish monitoring data at 8 and 14.5 GHz from the University of Michigan Radio Astronomy Observatory (UMRAO). At 8 and 15 GHz we expect the absolute calibration uncertainty to be 5% (Lister & Homan 2005) . At 12 GHz we did not have independent single-dish observations of the sources and originally the same calibration factors as for 15 GHz were used. The calibration of the 12 GHz data was examined using the total integrated flux density of the sources. We fit a power-law model to the data with the 12 GHz data excluded. A scaling factor was then defined from the fits, by interpolating the expected flux density and calculating the ratio to the original data. A median value was determined for each epoch and applied to the 12 GHz data. The scatter in the scaling factors for all epochs was about 7.5%, and we adopt this as our absolute calibration uncertainty for the 12 GHz band.
All the maps were modeled with circular or elliptical Gaussian components using the standard procedure in the Difmap package. The 15 GHz maps were previously modeled as a part of the MOJAVE survey (Lister et al. 2013 , hereafter Paper X).
Since one of our goals was to use the optically thin components in the jets to align our images, we used these 15 GHz models as a starting point for the other bands and modified the fit if needed.
The (u,v)-plane coverage differs between the 8, 12, and 15 GHz bands, with 12 and 15 GHz band data having longer baselines resulting in better resolution. On the other hand, the 8 GHz data has shorter baselines making it more sensitive to extended emission. This may result in steepening of the spectral indices in the extended jet regions where the 12 and 15 GHz observations are not as sensitive. Therefore, in order to have comparable (u,v) coverage in all the bands, we deleted the long baselines from the 15 and 12 GHz maps and short baselines from the 8 GHz maps. The resulting typical (u,v) range in our data is 7.3 -231 Mλ. Additionally, we restored all the maps to the beam size of our lowest frequency (8.1 GHz). All these steps were carried out in Difmap. We further study the effect of the (u,v)-plane coverage on our spectral index maps by detailed simulations, described in Appendix A.
Image alignment
During the self-calibration process the absolute coordinate position of the source is lost and the brightest feature of the image is shifted to the phase center of the map. This may not be the same position on the sky for different frequency bands, and therefore an extra step is needed to align the images. This can be done using bright components in the optically thin part of the jet, whose position should not depend on the observing frequency (e.g., Marr et al. 2001; Kovalev et al. 2008; Sokolovsky et al. 2011; Fromm et al. 2013 ). This approach works well for knotty jets but is unreliable or impossible to use for faint or smooth jets. A solution is to use a 2D cross-correlation algorithm to look for the best alignment based on correlation of the optically thin parts of the jets at different bands (Walker et al. 2000; Croke & Gabuzda 2008; Fromm et al. 2013) .
In order to diminish the effect of errors in the alignment, we used both optically thin bright components and 2D crosscorrelation to align the images whenever possible. All the shifts were verified by examining the spectral index maps before and after the alignment. In 46 cases we were not able to find a reliable alignment due to the compactness of the source or the faintness of a featureless jet (note that the number is larger than reported in Hovatta et al. (2012) because in that paper we considered only sources with detected polarized emission). In these cases we aligned the images based on the fitted core component position at each band or on the phase center, whichever resulted in a smoother map. These sources are marked in column (9) of Table 1 and their spectral index values should in general be considered less reliable than the sources with proper 2D cross-correlation alignment.
The image alignment was originally done by Hovatta et al. (2012) , where we tested the effect of wrong alignments on the spectral index and rotation measure maps. This was done by introducing fake shifts between images at different bands and visually examining the resulting spectral index and rotation measure maps. We noticed that the effect of incorrect alignment is stronger in spectral index maps and therefore extra care needs to be taken when aligning the images (see also Fig.  7 in Kovalev, Lobanov, Pushkarev, & Zensus (2008) for an example). In order to test the effect further we performed simulations and tests which are described in Appendix B. Based on the tests we conclude that the errors introduced by the 2D cross-correlation method dominate over the thermal noise up to a distance of 3 mas from the phase center after which they approach the median value of 0.05. In the majority of the sources the errors are small but one should be cautious when making conclusions on the core region spectral index distribution in individual sources.
Spectral index maps
The spectral index maps between 8.1 and 15.4 GHz for all the sources are presented in Figs. 1.1-1.210. The spectral index in each pixel was calculated by fitting a power-law to the total intensity data using the four frequency bands. We blanked pixels where the total intensity level was less than 3σ ν at the given band, where σ ν is defined as
where σ rms is the thermal noise of the image taken at a location 1 arcsec away from the center of the map. The second term under the squaroot sign in Eq. 1 accounts for uncertainties due to the CLEAN procedure (see Hovatta et al. 2012 , Appendix B for details). In calculating the fits we also added in quadrature an absolute calibration uncertainty of 5% for the 8 and 15 GHz bands and 7.5% for the 12 GHz band. The uncertainties of the spectral index are calculated from the variancecovariance matrix of the least-squares fit. Our fits have two degrees of freedom and we use a 95% limit of χ 2 < 5.99 from the χ 2 distribution to determine if the fit is good. Regions with χ 2 > 6 are shown in gray on the error maps in Figs. 1.1-1.210. There are several sources that show very large areas of bad χ 2 fits even in the jets, where we expect a power law to be a good representation of the spectral index. The two main causes for this are the uncertainty of the 12 GHz scaling and the uncertainty in the image alignment. By examining a few such cases individually, we conclude that the effect on the spectral index value is small.
The extraction of spectral information in the sources can be done in two ways by using either 1) the visibility data and fitting the source structure with several Gaussian features or 2) the image-plane data and extracting information from the convolved maps. In order to use method 1) the features at different frequencies have to be cross-identified. One way to do this is to use a higher frequency fit and transfer that to lower frequencies by keeping the positions and sizes of the components fixed and letting only the flux density to vary (Homan et al. 2002; Savolainen et al. 2008; Homan et al. 2009 ). This allows one to extract the spectrum of individual jet features, but it is a very time consuming method because of the complexity of the jets and the intrinsic differences between the frequency bands. Homan et al. (2009) solved this by modeling the sources with multiple different fits to obtain an average fit between the frequencies. This approach is good for studies of individual sources but is not feasible for samples as large as ours. Therefore we have used method 2) and extracted the information from convolved maps.
SPECTRAL DISTRIBUTIONS
The spectral distribution along the source can be studied in several ways. As a first approach we extracted the spectral index at the fitted 15 GHz Gaussian component locations. We calculated the average spectral index over a 3 × 3 box of pixels centered around the component position to avoid making conclusions based on single pixel values. With a pixel size of 0.1 mas, this corresponds to 10-30% of the restoring beam width, depending on the declination of the source. The component locations and their spectral index value are given in Table 2 and shown over the spectral index maps in Figs. 1.1.-1.210. In Table 2 , column (1) gives the source name, column (2) the I.D. number of the component, column (3) the date of our observation, column (4) the distance of the component from the phase center of the map, column (5) the position angle of the component from the phase center, column (6) the spectral index of the component, column (7) the age of the component (see Sect. 4), column (8) the fractional polarization, column (9) the electric vector position angle, and column (10) indicates if the component is more than a beam size away from the core. The location of the core in the source 1404+286 is uncertain (Wu et al. 2013) , and we exclude the source from all the further analysis that requires the core position to be known. In the source 0238−084 (NGC 1052) the core cannot be detected due to free-free absorption, and a virtual core is used in determining the kinematics (Paper X), so only jet components are used in our analysis for this source.
Another approach we have used is to calculate the jet ridge line and extract the spectral index values along the ridge line. First, using the 15 GHz data, the total intensity ridge line was constructed with nearly equally spaced points separated by a distance of the pixel size. The procedure starts from the core component position and continues until the peak of a Gaussian curve fitted to the transverse total intensity jet profile becomes less than 4 rms noise level of the image. Applying the obtained ridge line to the spectral index distribution map, we extracted the values of α along the jet. After that, we masked out the core region within r core < (b line extends at least one beam size away from the convolved core region. For these sources, the median jet spectral index derived from the ridge line, excluding the convolved core region, is tabulated in Table 1 . In a few cases we were not able to determine a robust ridge line due to uncertainty in the core location (1404+286), long complicated jet (0429+415) or a complex two-sided jet (0238−084, 1509+054, 1957+405).
Spectral index distribution in the cores
The cores of AGN at cm wavelengths are considered to be the τ = 1 surface of the jet where the emission transitions from optically thick to optically thin (e.g., Blandford & Konigl 1979; Marscher 1980) . If the energy density of the synchrotron emitting particles is a constant fraction of the magnetic energy density in this region, then the radio core is predicted to have a flat spectral index, α = 0, though this result depends on how the magnetic field energy density decays with distance (Blandford & Konigl 1979; Konigl 1981) . On the other hand, if a constant particle-to-magnetic energy density ratio cannot be realized in the radio core due to a lack of particle reacceleration, then particle energy losses due to adiabatic expansion predict an inverted spectral index of α ∼ 0.5 to 1 (Marscher 1980) , depending on various model assumptions. As seen in top panel of Fig. 2 , the distribution peaks at α ∼ 0, lending support to the constant particle-to-magnetic energy density model. However, the distribution of α includes a large number of sources with inverted spectral indices, suggesting the adiabatic losses model may also be realized in some jets. According to the non-parametric Kolmogorov-Smirnov (K-S) test, the probability that the quasars (mean 0.22 ± 0.04) and BL Lacs (mean 0.19 ± 0.03) come from the same population is p = 0.034, indicating that the classes differ at a 2σ level.
It is worth pointing out that our cores are in some cases resolved, revealing a more complicated structure that cannot be described by a single core spectral index as is done in the jet models described above. Many of the spectral index maps show that the spectral index in the core changes smoothly from more inverted values to flat. The smoothness of this transition is due to the convolution with the finite beam, but as shown in the simulations in Appendix C, the change in the spectral index values is real and intrinsic to the source. This means that we can typically detect the transition from inverted synchrotron self-absorbed spectra to flat and optically thin. Unfortunately the image alignment errors can be large, espe- cially in the core region, which prevents us from modeling the transition in more detail. We note that in many sources a simple power law is not a good spectral fit to the core regions, further implying that they are at least partially self-absorbed.
As noted above, several core components show highly inverted spectra of α > 0.5. This could also be a sign of new optically thick components within the convolved core. In order to study if the more inverted core spectra are due to a higher activity state of the source, we take advantage of the MO-JAVE monitoring data and calculate the activity index (e.g., Kovalev et al. 2009 ), defined as
where S is the flux density of the core at 15 GHz at the epoch of the spectral index measurement and < S > is the mean flux density of the core. For each source, in the calculation of < S >, we used all available epochs between 1994 and 2013 in the MOJAVE data archive 2 (Paper X). The correlation between spectral index and activity index is shown in Fig. 3 . According to the non-parametric Kendall's tau test, there is a significant correlation with τ K = 0.15, p = 0.001 between the two parameters. This agrees with multi-epoch observations of the quasar 2230+114 by Fromm et al. (2013) who found the core spectral index to be more inverted when a large total intensity flare was observed in the source. The correlation is driven by the quasars (τ K = 0.22, p = 0.0001) while there is no correlation for the BL Lac objects alone (τ K = −0.02, p = 0.90).
Another measure of the activity state of the object is the brightness temperature. Fig. 4 shows the spectral index of the core against its brightness temperature calculated using,
where S is the flux density of the component in Jy, z is the redshift, ν is the frequency in GHz (in our analysis 15.4) and θ min and θ maj are the minor and major axis size of the component in mas. The correlation is highly significant (τ K = 0.27, p = 4.8 × 10 −7 ) for all the sources and for quasars (τ K = 0.36,
This correlation could be due to less contamination from the optically thin jet in those core components that have higher brightness temperatures. Indeed, in quasars, we see a significant negative correlation (τ K = −0.17, p = 0.007 ) between the core spectral index and the angular size of the core, as shown in Fig. 5 top panel. This may indicate that the core size in some sources is overestimated, which if true, causes the apparent brightness temperatures to be underestimated. The effect is even more pronounced (τ K = −0.23, p = 9.3 × 10 −7 ) if we take the redshift of the sources into account and calculate the size of the core in parsecs, as shown in Fig. 5 bottom panel. This shows that in sources at higher redshifts where the effective linear resolution is poorer, there is more likely to be contamination from the optically thin jet.
Spectral index in the jets
The distribution of the jet component spectral indices is shown in Fig. 2 middle panel. We include here only components that are more than one beam width away from the core component to account for the contribution of the core in the convolved images (see Appendix C for justification of this choice). The mean value of all the sources (−0.81 ± 0.02) is close to the value −0.68 obtained between 2 and 8 GHz for a sample of 319 compact AGN . However, according to a K-S test the probability that quasars (mean −0.85 ± 0.02) and BL Lacs (mean −0.64 ± 0.03) come from the same population is p < 1.3 × 10 −5 . A Wilcox generalized rank test gives a probability of p < 2 × 10 −7 that quasars have similar jet component spectra as BL Lacs.
One reason for the steeper spectra in quasars could be the different redshift distributions of BL Lacs and quasars. We test this by comparing the jet spectral indices in sources with 0 < z < 0.5, the range of redshifts for most BL Lacs in our sample. The mean spectral index for quasars in this range is −0.84 ± 0.06, which differs significantly (K-S test p = 0.0047, Wilcox test p = 0.0006) from the BL Lacs with a mean index of −0.60 ± 0.04. This indicates that the difference in quasars and BL Lacs is not simply due to a redshift effect.
In the bottom panel of Fig. 2 we show the median jet spectral index values determined from the ridge lines. The mean value is significantly (K-S test p-value < 5 × 10 −9 ) steeper (mean −1.04 ± 0.03) than the jet component value. The difference between quasars (mean −1.09 ± 0.04) and BL Lacs (mean −0.79 ± 0.05) is still significant according to both K-S (p = 0.0026) and Wilcox (p = 3.3 × 10 −5 ) tests.
The difference between the component and ridge line spectral indices indicates that the spectral index flattens at the component locations. This can be also seen in Fig. 1 when comparing the ridge line spectral index values to the component locations shown by stars. To study this further we have calculated the difference between the two values for each jet component, which describes the amount of flattening at the component locations. The mean value for all the components is 0.20 ± 0.02. The difference between quasars (mean 0.21 ± 0.02) and BL Lacs (mean 0.15 ± 0.03) is not significant (p = 0.15) according to a K-S test. The most simple explanation for the flattening is that the components represent physical structures in the jets where on-going particle acceleration flattens the spectrum. This would be expected, for example, for shocks in the jets, based on hydrodynamical simulations of relativistic jets (Mimica et al. 2009 ). In Fig. 1.200 (available in the online edition of the journal), the ridge line plot of the source 2230+114 shows such a bump about 5 mas away from the core. Fromm et al. (2013) studied the jet of 2230+114 over a wide frequency range and suggest that the feature is a recollimation shock in the jet and interpret it in the framework of the Mimica et al. (2009) simulations.
The observed spectral index of α = −0.8 at the component locations corresponds to a power-law index of p = 2.6 for the electron distribution. This is softer than the "canonical" index 2.2, but consistent with theoretical expectations for the first-order Fermi acceleration in relativistic shocks with finite thickness (e.g., Kirk & Schneider 1987; Virtanen & Vainio 2005) .
In order to further test if shocks are responsible for flatter spectra, we study the relation between spectral index and polarization in the jet components that are at least one beam width away from the core. We use the position angle (PA) of the component relative to the core as a measure of the local jet direction. We then calculate the absolute difference between the PA and the Faraday rotation-corrected electric vector position angle (EVPA) of the component. The Faraday rotation measure values are taken from Hovatta et al. (2012) and we only include components for which an estimate of the Faraday rotation was available. We tabulate the corrected EVPA values and fractional polarization for the components in this plot in Table 2 .
In optically thin jets, we expect the magnetic field to be perpendicular to the EVPA, and therefore this measure will tell us the direction of the magnetic field with respect to the jet direction. In Fig. 6 top panel we show the distribution of the EVPA -PA difference for the different subclasses. All except one BL Lac object (0851+202), are seen at angles of less than 40 degrees while the quasars occupy the entire range. This indicates that in BL Lac objects the magnetic field is predominantly perpendicular to the jet direction, as expected for shocks with fronts oriented transverse to the jet axis or a helical magnetic field (e.g., Gabuzda et al. 1994 ). This distribution is very similar to what was seen in the first MO-JAVE epoch (Lister & Homan 2005) for the jets of quasars and BL Lacs. We note that some events in the single-dish light curves of 0851+202 require an oblique shock orientation when modeled in detail , which may indicate that the division between BL Lac objects and quasars does not always hold for individual objects.
In the middle panel of Fig. 6 we plot the spectral index against the EVPA -PA difference. The BL Lacs have significantly flatter spectra than the quasars but there is also a negative trend in the quasars alone, with components with smaller • (mean index −0.81 ± 0.05), which according to a K-S test are coming from the same population with a probability p = 0.008. This implies that components where the magnetic field is more perpendicular to the jet direction, a signature of shocks, have flatter spectra supporting our hypothesis that the flatter spectra are due to shocks in the jets.
As suggested by Aller et al. (1999) and confirmed with hydrodynamic simulations by Hughes (2005) , this may also imply that shocks form more readily in BL Lacs jets than quasars, explaining their generally flatter spectra. In Fig. 6 bottom panel we plot the fractional polarization of the component against the EVPA -PA difference. The fractional polarization of BL Lac objects (mean 11.0 ± 1.1) is significantly higher than in the quasars (mean 6.7 ± 0.4) according to a Wilcox test (p = 5.6 × 10 −5 ), and according to a K-S test they come from the same population with a probability of p = 0.0004. This further supports the idea that BL Lacs jets have more shocks as higher fractional polarization is expected for more ordered magnetic fields (e.g., Hughes et al. 1985) . Similar results were reported by Aller et al. (2003) and Lister & Homan (2005) , who suggested that jets in BL Lac objects may have more transverse shocks that increase the polarization, while in quasars the shocks could be weaker oblique shocks with less polarization. Indeed, Hughes et al.
(2011) show how many polarization events seen in single-dish radio data can be modeled with oblique shocks.
If the transverse shocks in BL Lacs are stronger than the shocks in quasars, one would also expect their flux density to be higher. A simple test is to compare the flux density of the jet components to the flux density of the core. Contrary to the expectation, we find that the fraction of the jet to core flux density is higher in quasars (mean 0.49) compared to the BL Lacs (mean 0.20). However, we note that the situation is more complex and the simple comparison may be affected by differing core properties of quasars and BL Lacs or different Doppler boosting in the core and jet components of BL Lacs and quasars. For example, if the Doppler boosting factors of BL Lacs are smaller than in quasars, as suggested by Hovatta et al. (2009) , the jet to core flux density ratio appears smaller than in quasars for same flux densities (assuming continuous emission for the core and a moving feature for the jet components). Another possibility is that some difference in the particle acceleration process in BL Lacs and quasars causes the optically thin spectra to differ.
Comparison to γ-ray data
Out of the 190 sources we have studied, 119 are associated with a γ-ray source in the Fermi Gamma-ray Space Telescope 1FGL or 2FGL catalogs (Abdo et al. 2010; Nolan et al. 2012 ). found a statistically significant difference between the jet spectral index in the γ-ray associated and unassociated sources with the unassociated sources having steeper spectra. We do not find significant differences between the γ-ray associated and unassociated objects in our sample (K-S test p = 0.07 for core and p = 0.08 for jet components).
The sample of includes 135 γ-ray associated and 184 unassociated objects, making the fraction of unassociated sources much larger than in our sample. If we compare only those sources that are common in both samples (66 γ-ray associated and 34 unassociated), we find that the difference between the spectra of the jet components in the associated and unassociated objects is not statistically significant in our data (K-S test p = 0.61) or in the data of (K-S test p = 0.17). This indicates that the difference in our results compared to is due to the larger fraction of unassociated sources in their sample.
Spectra of individual components
With the four separate frequency bands, we can fit for the shape of the spectrum. In order to account for the component size, we calculate an average over component size in the image plane. We use the fitted size at 15 GHz for all frequency bands. As discussed in Sect. 2.3 this could also be done in the visibility plane by fitting and cross-identifying the components at the different bands. However, for the reasons mentioned in the same section, this is not practical for our large sample. Therefore we have examined a few individual cases in detail to verify that the overall correspondence between the spectral shape when using flux densities from cross-identified model components and when using average values extracted in the image plane is very good. We only use components that are more than a beam size away from the core component to avoid the contribution from the beam-convolved core. In some cases, bright nearby jet components can also contribute to the flux density derived from the images. Therefore, as in Hovatta et al. (2012) , we have defined isolated jet components to be ones not affected by other nearby bright components. For each component we calculated the combined contribution of all the other jet components in the map at the component's peak intensity position. If this sum was less than 30% of the component's total intensity, we considered the component to be isolated. We study the spectral shape in these isolated jet components only. We also exclude components that are less than 10 mJy in total intensity at any band because these are usually large, diffuse components that can be difficult to cross-identify between the frequency bands.
The uncertainty in total intensity includes thermal noise (defined in Eq. 1), uncertainty due to absolute flux calibration (estimated to be 5% of the total intensity at 15.4, 8.1 and 8.4 GHz, and 7.5% at 12.1 GHz) and an uncertainty due to image alignment, all added in quadrature. The image alignment uncertainty is estimated by shifting the centroid of the component by 1 pixel (0.1 mas) in each direction (near the average image alignment shift in our sample) and calculating the spectral index in each case. The alignment uncertainty is then defined as the standard deviation of these values (see also the discussion in Fromm et al. (2013) on how to estimate the alignment uncertainty through Monte-Carlo simulations).
With only four frequency bands we are limited in the fitting process due to the small number of data points. Because most of the jet components have an optically thin spectral index between 8.1 and 15.4 GHz, we start by fitting a simple powerlaw spectrum to the total intensity at each frequency band. We calculate the χ 2 of the fit to determine if this simple fit can adequately explain the spectrum. We choose a limit of χ 2 < 5.99, which corresponds to a 95% confidence limit when there are two degrees of freedom. Additionally, we require the fitted spectral index to be less than 0 to exclude spectra that are inverted. The vast majority of the isolated components in our sample (116 out of 125) can be fit with a simple powerlaw.
Components with non-power-law spectra
In the 9 cases where the criteria for a simple power-law spectrum are not met, we fit a spectrum of a homogeneous synchrotron source of the following form (e.g., Pacholczyk 1970)
where ν m is the turnover frequency, I m is the maximum total intensity reached at the turnover, α is the optically thin spectral index, and τ m is the optical depth at the turnover, which can be approximated by (Türler et al. 1999 ). In the above equations we also assume the optically thick spectral index to be 5/2 because we do not have enough frequency bands to constrain the fit. By visually inspecting the spectra, we exclude seven cases where the synchrotron fit is clearly not good. The spectra of the two remaining components, in the radio galaxies 0238−084 (NGC 1052) and 0316+413 (3C 84), are shown in Fig. 7 . These two sources have been studied extensively with a wider frequency coverage by Vermeulen et al. (2003) (1994) and Walker et al. (2000) (0316+413). Vermeulen et al. (2003) studied the pc-scale jet of 0238−084 at seven frequency bands between 1.4 and 43 GHz and found the spectra to be consistent with free-free absorption together with synchrotron self-absorption. Our component 43 is in the western jet of 0238−084, which Kadler et al. (2004) , using data between 5 and 43 GHz, found to be more consistent with freefree absorption. Similarly, our component 3 of 0316+413 is in the northern jet of the source, where free-free absorption is suggested as the cause for the turnover (Vermeulen et al. 1994; Walker et al. 2000) . Based on the low brightness temperature of the northern jet, Vermeulen et al. (1994) suggested that the turnover is likely to be free-free absorption. This was confirmed by Walker et al. (2000) , who used data between 2.3 and 43 GHz and found the spectral index below the turnover to be +4, much steeper than the expected value of +2.5 for synchrotron self-absorption.
The brightness temperature of the jet components can be calculated using Eq. 3. To determine the flux density and size of the component at the turnover frequency, we have taken the nearest observed frequency band to the turnover frequency and taken the fitted Gaussian component size and flux density at that frequency as an estimate of the turnover values. This way we determine the brightness temperature of component 3 in 0316+413 to be ∼ 6 × 10 8 K. This is similar to the estimate given in Vermeulen et al. (1994) . They conclude that for the turnover to be caused by synchrotron self-absorption, the magnetic field energy density would have to dominate the particle energy density by more than a factor of 10 14 , which is unlikely considering that jets are often observed near equipartition (Readhead 1994) . For 0238−084 component 43 we obtain a brightness temperature of ∼ 2 × 10 9 K, still low for synchrotron self-absorption. Even though our limited frequency range and small number of independent frequencies does not allow more detailed modeling of the spectra in the sources in our sample, our results for these two sources are consistent with the findings of the more detailed studies.
SPECTRAL INDEX STEEPENING ALONG THE JETS
It is obvious from the difference in the core and jet spectral indices that some steepening in the index is occurring along the jet. One needs to be careful in distinguishing instrumental effects, e.g., poorer (u,v) plane coverage at short baselines at the 15 GHz band, from intrinsic effects, i.e., steepening due to radiation losses (spectral aging). The lack of short baselines at 15 GHz results in loss of sensitivity in the more extended emission in the jet, artificially steepening the spectral index. The effect can be diminished by clipping the (u,v)-coverage to be the same in each band as we have done. Furthermore, the frequency difference between our bands is only a factor of two, in which case we do not expect significant steepening due to instrumental effects. We have verified this assumption by detailed simulations presented in Appendix A.
Spectral steepening observations
To study the steepening along the jets, in Fig. 8 we show the spectral index as a function of distance along the jet ridge line. Following Laing & Bridle (2013) , we first bin the ridge lines of each individual source in bins the size of the beam along the ridge line. We then bin these in projected distance to clarify the plot but the statistical tests are done using the data from individual sources and all beam-size binned values. When we look at the projected distance from the core in milliarcseconds (top) or parsecs (middle), the quasars show a significant negative correlation (Kendall's τ K = −0.22, p = 1 × 10 −14 ) while in BL Lacs the correlation is not significant (τ K = 0.01, p = 0.81). However, when we take the viewing angle of the source into account and calculate the de-projected distance in parsecs 3 , both quasars and BL Lacs show a significant (quasar p = 3.1 × 10 −10 , BL Lac p = 0.010) negative correlation (τ quasar = −0.26, τ BLLac = −0.20). This indicates that the intrinsic steepening of the spectral indices is similar in the two classes of object, despite the flatter overall spectra of the BL Lacs.
In the top left panel of Fig. 9 , we compare the age of the jet components to the spectral index. The ages are calculated using the ejection epoch determined over several years of observations (Paper X) and are listed in Table 2 . These are available for 89 jet components in our sample that are more than a beam size away from the core. As expected for cooling, older components have steeper spectra (τ K = −0.26, p = 0.0004). This trend seems to be more significant in quasars (τ K = −0.31, p = 0.0007) than in BL Lacs (τ K = −0.35, p= 0.048).
In order to properly account for cosmological and relativistic effects, in the top right panel we show the age corrected for redshift by t z = t obs /(1 + z). Due to the fairly narrow range of redshifts in our sample, this has only a minor effect on the correlations. The bottom panels of Fig. 9 show the correlation when relativistic effects are accounted for. To translate the time into the jet plasma frame we have multiplied the redshift-corrected time by the Doppler factor for each source, taken from Hovatta et al. (2009) , i.e., t p = D var t z . Doppler factors were available for 69 jet components in our sample. The correlation coefficients are similar but the significances are reduced, most likely due to the smaller number of components. The bottom right panel shows the age of the component in Figure 8 . Spectral index of all sources along the jet ridge line binned by distance. Top panel shows the projected distance in milliarcseconds, middle panel shows the projected distance in parsecs and the bottom panel the deprojected distance in parsecs. The projected distance is available for sources with a known redshift and the de-projeced distance for sources with an estimate for the viewing angle (see text for details). The high spectral-index point for BL Lacs in the middle panel is due to a single source, 1803+784, and a noisy patch at the end of its jet. Quasars are shown with crosses, BL Lacs with circles (red in the online journal), galaxies with triangles (green in the online journal) and optically un-identified objects with squares (blue in the online journal). (A color version of this figure is available in the online journal.) the host galaxy frame which can be obtained by multiplying the age in the plasma frame by the Lorentz factor of the jet, t h = Γt p . The Lorentz factors are calculated using the Doppler factors and apparent speeds of the fastest component in the source (Paper X). The number of components is the same as in the plasma frame case but the correlation is less significant in quasars while in BL Lacs it is no longer significant (τ quasar = −0.25, p = 0.044, τ BLLac = −0.07, p = 0.8). There are only 10 jet components available for the BL Lacs, and the lack of correlation could be simply due to small number statistics. However, it is clear that in at least quasars we see spectral index steepening that is related to the age of the component.
The ages of the components can also be estimated from their apparent speed, as was done in Paper X, where we studied the correlation between the apparent speed of the components as a function of the projected distance along the jet (see Fig. 12 in Paper X). In Paper X, we argued that the bottom right corner of the figure is undersampled because the components have faded below the detection threshold of MOJAVE. This is supported by our spectral index analysis where we find that all components older than 250 years, as calculated from the speeds, have spectra steeper than −0.5.
We can also look at the spectral steepening in the jets by comparing the spectral index at the edge of the convolved core with the median jet ridge line spectral index. We do the comparison this way because due to the flattening of the spectra at the component locations, the steepening is not welldescribed by a linear power-law fit. The edge of the convolved core (shown as dashed vertical line in Fig. 1 ) is defined as the full-width half maximum of the Gaussian resulting from the convolution of the Gaussian core component with the Gaussian beam. The spectral index at the edge of the convolved core is estimated by linearly interpolating between the spectral index at the last ridge line point within the convolved core and the first ridge line point beyond the convolved core. In this manner we can estimate the steepening, defined as ∆α = α jet−median − α core−edge in 162 cases. The distribution divided into optical sub-classes is shown in Fig. 10 . The spectral index values in quasars steepen on average by ∆α = −0.52 ± 0.03 and in BL Lacs by ∆α = −0.39 ± 0.06. According to the K-S test the probability for them to come from the same population is p = 0.029.
We use the median value of the spectral index as the final spectral index value because it is less affected by noise and (u,v)-coverage effects. Therefore it is not straightforward to estimate the distance over which the steepening occurs. Instead, we define a range of distances to estimate the typical steepening per parsec values. First, we calculate the distance between the edge of the convolved core and the first point where the jet spectral index crosses the median value. This gives us a lower limit to the distance. As the other extreme, we use the length of the jet in the ridge line analysis. For the sources with known redshift, Doppler factor and viewing angle, we can estimate how much the spectral index steepens per deprojected parsec. Figure 11 shows the distributions for the two extreme cases. We find that the median steepening is ∼ −1 × 10 −3 pc −1 if the steepening occurs over the entire jet length and ∼ −4 × 10 −3 pc −1 if the steepening occurs at the lower limit distance.
Another interesting question is whether stationary components in the jets show flatter spectra and affect the steepening we observe. There are 40 components identified as stationary in our data set but only five of those are more than a beam width away from the core. Therefore higher resolution observations are required to study this further.
The physical cause of spectral steepening

Radiative losses
Here we discuss the steepening in the synchrotron spectrum that can be caused by synchrotron losses. If nonthermal particles with an energy spectrum Q inj = γ −p for γ min < γ < γ max and Q inj = 0 elsewhere are constantly injected into a synchrotron emitting region, then a synchrotron break in the electron spectrum can occur such that N ∝ γ −p for γ min < γ < γ br and N ∝ γ −(p+1) for γ br < γ < γ max , which produces a corresponding break in the synchrotron spectrum of ∆α = −0.5 (Kardashev 1962) . For self-similarly expanding emission regions such that the transverse radius of the jet R depends on the distance from the jet vertex z as R ∝ z a , the magnetic field will decay as a power law:
−a , where a depends on the magnetic field geometry and primed quantities refer to the comoving frame. The break energy γ br can be estimated by solving t
−2a is the synchrotron loss equation. This yields which we spot checked numerically by solving the continuity equation (Ginzburg & Syrovatskii 1964 ) that governs the time evolution of N(γ) in an expanding (conical) jet with constant injection, adiabatic losses, and synchrotron losses (e.g., Gupta et al. 2006; Fromm et al. 2013) . Note that for a = 2, Kardashev (1962) finds that γ br ∝ t 3 for the same scenario we consider, in agreement with our above scaling. The synchrotron break frequency can now be expressed as ν br ≈ γ 2 br eB/(m e c), implying that ν br ∝ t ′3a−2 (eqn. A3, Marscher & Gear 1985) . Thus, for components' spectra to steepen as they move down the jet as required by our data, then a must be < 2/3. Note that for a toroidally dominated ⊥ , a < 1 refers to a collimating jet, a = 1 to a conical jet, and a > 1 to a decollimating jet. All of the above analysis applies for cooling due to inverse Compton (IC) emission as well, since its cooling function also depends on E 2 . The principal difference is that the seed photon energy density in IC emission plays the role of B 2 in synchrotron emission. However, except for the cosmic microwave background (CMB), seed photons from the broad line region, black hole accretion disk, or the emitting region itself (as in synchrotron self-Compton emission), the seed energy density will decay in a manner equivalent to a = 1 or higher. The CMB's energy density is low enough that it will not produce breaks in the GHz-range spectra.
While there is some evidence that the jets on parsecs scales appear conical with intrinsic opening angles that scale inversely with the Lorentz factor (Jorstad et al. 2005; Pushkarev et al. 2009; Clausen-Brown et al. 2013) , it is possible that the derived opening angle values are affected by the components at any given epoch only illuminating a small fraction of the jet (Paper X). Thus, we cannot exclude the possibility of a collimating jet (i.e., a < 1) that would potentially allow for radiative losses alone to explain the spectral steepening we observe.
The time evolution of γmax
Another possibility is that we are not seeing a synchrotron cooling break, but instead we are observing the time evolution of γ max , the high energy cutoff of the electron energy spectrum, which produces an exponential cutoff in the synchrotron spectrum. If no injection occurs, then γ max decreases with time through adiabatic and radiative losses, producing an cutoff in the synchrotron spectrum with arbitrarily high |∆α|. This type of scenario could occur if the conditions for particle acceleration in jets are only intermittently realized, such as in recollimation shocks or instabilities.
The expected spectral break ∆α is derived in Appendix D, where we find that if the initial observed spectral index closer to the radio core is α(z obs ) = α 0 , then
ν obs 10 GHz ,
where α(z f ) is the spectral index value we can measure at the end of the jet, B ′ 0 is the comoving magnetic field strength (typically B ′ 0 ≈ 1 G at 1 pc , Γ is the jet Lorentz factor, δ the jet Doppler factor, R exp is the expansion factor of the components, and A = z obs /z i is the ratio of the location in the jet where injection stops to where the component is first observed. For typical jet parameter values, this would then produce an average gradient in spectral index of ∆α ≈ 0.5/length [pc] = ((1 − 1/R exp )300 pc) −1 ∼ 2 × 10 −3 pc −1 . Note that the location where particle injection stops in our parametrization here is z i = z f,pc /(R exp A), and for the above fiducial values of A and R exp we find that z i ∼ 10 pc.
Hence our proposed mechanism can naturally explain how components near the core with optically thin spectral indices can steepen by ∆α = −0.5, as long as they expand by a moderate factor. We can study the typical amount of expansion in the jets by estimating the sizes of the components at various locations in the jet. To do this, we use all the components for each source in all the epochs in Paper X. We then fit a power law for the relation between the component distance from the core and the size of the component to get an estimate of the typical size at a given distance. Fig. 12 show distributions for the expansion ratio between the size at the edge of the convolved core and the two extreme distances at the point where the ridge line spectral index first crosses the median spectral index value and at the total jet length. In most of the sources the components expand by a factor of 1.5 to 4, depending on the distance estimate, with a median value of 2.4 for the combined distributions, in accordance with the above calculations. Of course, this explanation rests on the critical assumption that nonthermal particle acceleration (i.e., particle injection) is no longer occurring in these components. We also note that we do not know the functional form of the electron spectrum's high energy cutoff; if it terminates more gradually near γ max rather than the sudden step function cutoff we assume, then this would reduce our estimate of ∆α and possibly decrease the sensitive dependence ∆α has on model parameters such as B ′ 0 and R exp . If this steepening mechanism is true, this suggests that particle acceleration is not a continuous process occurring throughout jets, but rather an intermittent one that occurs close to the SMBH and at other locations in the jet as a whole, such as in X-ray emitting knots on the arcsecond scales where the synchrotron lifetime is short.
Another cause for spectral breaks of ∆α = −0.5 can be derived if the sink term N/t esc is added to the continuity equation, in which case a spectral break can form due to synchrotron cooling and particle escape. As a component's age t ′ approaches infinity, an electron spectral break exists and scales as γ br ∝ t −1 esc (Dermer & Menon 2009 ). This translates into an observed spectral break frequency for an expanding component that scales as ν br ∝ t ′ for a conical jet where a = 1 and t esc ∝ R ⊥ , and thus cannot be the cause of the spectral steepening that we observe. Furthermore the spectral steepening could be caused by the evolution of the electron power-law index p, which could be due to the time evolution of the distribution of the preaccelerated particles, of the acceleration process itself, or of some other acceleration related process. However, the cause is more likely synchrotron cooling or the time-evolution of γ max since these processes are more clearly related to component aging and expansion.
CONCLUSIONS
We have studied the spectral distributions of 190 parsecscale AGN jets using VLBA data at 8.1, 8.4, 12.1 and 15.4 GHz. We provide spectral index maps between 8.1 and 15.4 GHz for all the sources and study the spectral index evolution along the jets. Our findings can be summarized as follows:
1. The spectral index of the unresolved jet core is similar in all optical classes, and the mean value for our sample is α core = 0.22 ± 0.03.
for the 16 simulated jets is −0.1, and so it is clear that the steepening due to (u,v) -coverage is minimal compared to the actual jet spectral index values in our sample. The worst case is the source 1730−130, where the median jet spectral index from the simulations is α sim = −0.29, with values of α sim ∼ −2 towards the end of the jet. However, the median spectral index is fairly robust against the steepening and even if we do not account for the spectral index values beyond 20 mas from the core where the simulations start to show a clear effect, the median changes only by −0.09 to α sim,med = −0.20. Therefore we conclude that our analyses are not greatly affected by the (u,v) -coverage effects. This is not surprising considering that our frequency bands differ only by a factor of two. Any studies using a wider frequency range should take possible (u,v) -coverage effects into account. This agrees with the simulations of Fromm et al. (2013) (see their Appendix B), who show that when the frequency range is less than a factor of four, the (u,v) -coverage mainly affects the edges of the spectral distribution. 
B. EFFECT OF IMAGE ALIGNMENT ON THE SPECTRAL INDEX MAPS
The 2D cross-correlation algorithm is sensitive to spectral index gradients along the jet, and can result in wrong alignment between the images, affecting the final spectral index results. This effect depends strongly on the strength of the gradient and the appearance of the jet with featureless, straight jets being more sensitive. The effect of spectral index gradient on the alignment was studied with detailed simulations by and we only give a summary here (see also the discussion of the method in Fromm et al. (2013) ). We find that in jets with knotty structure and bends the 2D cross-correlation method is fairly robust, even if a large spectral index gradient is present (errors less than 10% of the beam size). In featureless and straight jets the performance is much worse, with errors up to 27% of the beam size. This can result in significant steepening or flattening of the spectral index, especially at the base of the jet. In order to test if this depends on the source type, we used simple measures to estimate how knotty and straight the BL Lacs and quasars are. To estimate how knotty the jet is, we calculated the fraction of isolated jet components with respect to all components in each jet, and to estimate how straight the jet is, we calculated the maximum position angle separation of the jet components. We do not see significant differences between the BL Lacs and quasars.
Another possible caveat is that the 2D cross-correlation method is somewhat subjective, as the user has to decide which alignment to accept. This has a large effect, especially in the core region where the spectral index gradient is often large. For example, a shift of the image by just one pixel (0.1 mas) changes the spectral index of a component 1 mas from the core in the source 0648−165 by −1.07. Because not all the maps shifted by one pixel are considered as acceptable by the user, we cannot simply determine the shifting error by blindly calculating a deviation if we shift the image by one pixel. To reduce individual bias, three people examined the data independently and selected shifts they deemed acceptable. This enabled us to calculate typical expected deviations in the spectral index maps of various sources. In Fig. 14 we show the standard deviation in the spectral index for core and jet components. The median of both distributions is small, 0.05, indicating that in the majority of cases we do not expect the alignment to cause significant errors in the derived spectral index values. The median value is not necessarily representative of the overall jet because there is a clear dependence between the alignment error and the component distance from the core. We also want to determine at which distance the alignment uncertainty dominates over the thermal noise. Fig. 15 shows the alignment uncertainty and thermal noise as a function of distance from the core. The binned version indicates that the alignment uncertainty dominates to ∼3 mas from the core, after which the alignment uncertainty is near the median value of 0.05. Closer to the core the standard deviation can be much larger. Based on these tests we conclude that the uncertainty induced by the 2D cross-correlation method is small in the majority of the cases but should be investigated in detail when conclusions about core spectral index distribution in individual sources are made. 
C. EFFECT OF BEAM CONVOLUTION ON THE CORE REGIONS
Many of the sources in our sample show the core spectral index as more inverted upstream of the core component and then display a smooth transition to optically thin downstream towards the jet. Some of this effect is due to the beam convolution of the core and jet regions, but the more inverted spectra upstream of the core component can also be due to synchrotron self-absorption. We perform simulations to investigate this effect using a similar approach as in Appendix A. Instead of generating simulated data using CLEAN in difmap, we replace the model in step 1) with Gaussian components by fitting the 15.4 GHz data in difmap. We then set the model flux densities in the two bands so that we obtain a flat or inverted spectrum in the core and a steep spectrum in the jet. In Fig. 16 we show the simulated map and ridge line for the source 1641+399 (3C 345). We set the flux densities of the core components to produce a spectral index of α core = +0.63 in the core and α jet = −0.70 in the jet components. The orange dashed line in the ridge line plot shows the edge of the convolved core and position 0 in the x-axis the core component position. As can be seen, the spectral index upstream of the core retains the value +0.63. Therefore we conclude that the more inverted spectra upstream of the core in our real observations are due to synchrotron self-absorption instead of effects of the beam convolution. Another notable thing is that by the edge of the convolved core, the spectral index has reached the expected jet value, justifying our choice to only use jet components beyond the convolved core region in our analysis of the jet spectral index distributions.
D. DERIVATION OF ∆α
The time evolution of γ max is governed by the differential equatioṅ
where m = 2a/3 and b is defined in Eq. 6 (e.g., Gupta et al. 2006 ). This differential equation describes how γ decreases in the comoving frame of the jet with adiabatic (first term) and synchrotron losses (last term) in an expanding jet for which R ⊥ ∝ z a , where z is the distance down the jet. (Since we use the parameter a for both the jet geometry and magnetic field decay, we are implicitly assuming hereafter that B ′ ∝ R −1 ⊥ .) If we assume that particle injection stops occurring in a jet component at t ′ i , then the γ max will initially decrease rapidly due to synchrotron losses, and then more gradually due to adiabatic losses. If the particle injection is stopped at t ′ = t ′ i , such that a particle with random Lorentz factor γ(t ′ = t ′ i ) = γ i , and where the magnetic field decays as described above, then γ(t ′ , γ i ,t (Gupta et al. 2006; Fromm et al. 2013) . Assuming no acceleration and ultrarelativistic bulk speed, then t ′ i = z i /(Γc), where z i is the distance from the SMBH in the jet where particle injection shuts off, and we set t . We further parametrize our model by defining the location of observed components that is furthest away from the core as z f , the initial location of observed components as z obs = z f /R exp , and the ratio of the location in the jet where injection stops to where the component is first observed as A = z obs /z i . We introduce the parameter A because the components must travel a certain distance down the jet
